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Abstract 25 
The risk of human hookworm infections from land application of wastewater matrices could 26 
be high in regions with high hookworm prevalence. A rapid, sensitive and specific hookworm 27 
detection method from wastewater matrices is required in order to assess human health risks. 28 
Currently available methods used to identify hookworm ova to the species level are time 29 
consuming and lack accuracy. In this study, a real-time PCR method was developed for the 30 
rapid, sensitive and specific detection of canine hookworm (Ancylostoma caninum) ova from 31 
wastewater matrices. A. caninum was chosen because of its morphological similarity to the 32 
human hookworm (Ancylostoma duodenale and Necator americanus). The newly developed 33 
PCR method has low detection sensitivity with the ability to detect less than one A. 34 
caninum ova from 1 L of secondary treated wastewater at the mean threshold cycle 35 
(CT) values ranging from 30.1-34.3. The method is also able to detect four A. caninum ova 36 
from 1 L of raw wastewater and from ~ 4 gm of treated sludge with mean CT values ranging 37 
from 35.6-39.8 and 39.8-39.9, respectively. The better detection sensitivity obtained for 38 
secondary treated wastewater compared to raw wastewater and sludge samples could be 39 
attributed to sample turbidity. The proposed method appears to be rapid, sensitive and 40 
specific compared to traditional methods and has potential to aid in the public health risk 41 
assessment associated with land application of wastewater matrices. Furthermore, the method 42 
can be adapted to detect other helminth ova of interest from wastewater matrices.  43 
 44 
 45 
 46 
 47 
 48 
 49 
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1. Introduction 52 
Hookworm infections in humans are a leading cause of malnutrition, anemia, physical and 53 
mental retardation in developing countries (Hotez et al., 2005; Brooker et al., 2008; WHO, 54 
2012). Ancylostoma duodenale and Necator americanus are the primary cause of human 55 
infections (Hotez et al., 2005; Traub et al., 2008; WHO, 2012).  Hookworm infections 56 
account for approximately 3.2 × 106 estimated disability adjusted life years (DALYs) as 57 
reported in the global disease burden study in 2010 (Hotez et al., 2014). Most of these 58 
infections are severe and can account for up to 1.4 × 105 deaths (Bethony et al., 2006; Knopp 59 
et al., 2012).   60 
An adult hookworm can survive 5-7 years in their human host and produces 1.0 × 104-3.0 61 
× 105 ova/day (Bethony et al., 2006). Hookworm ova are released into wastewater streams 62 
mainly through faeces of infected hosts (Toze and Sidhu, 2011; Gyawali, 2012). In the 63 
receiving environment, the ova can remain dormant for 9-12 months and can hatch into 64 
larvae under favourable conditions (Abaidoo et al. 2010). The infective larvae (L3) can 65 
survive up to three months in the environment (Brooker et al., 2006; Brooker, 2010). This has 66 
implications for the use and reuse of human wastewater matrices in the agriculture (WHO, 67 
2006; Karkashan et al., 2014).  68 
In recent years, the use and reuse of wastewater matrices in broadacre agriculture have 69 
increased significantly worldwide (Carr, 2005; Sidhu and Toze, 2009; Pritchard et al., 2010; 70 
Hanjra et al., 2012). It has been estimated that 5.0 × 106 ha of agricultural lands are irrigated 71 
with raw wastewater (Carr, 2005), and up to 42% of treated sludge produced globally from 72 
wastewater treatment process is being used as fertiliser (Kelessidis and Stasinakis, 2012). 73 
Since a single viable ovum has the potential to cause an infections in an exposed humans, the 74 
health risks can be high for people handling wastewater matrices in areas where helminth 75 
infections are endemic especially developing countries (Ensink et al., 2005; WHO, 2006). 76 
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Currently used detection methods are not highly sensitive and specific to detect viable 77 
hookworm ova in wastewater matrices. Incubation and stain-based methods are widely used 78 
to detect hookworm ova in wastewater matrices (US EPA, 2003; de Victorica and Galván, 79 
2003; Bowman et al., 2003 Do et al., 2007; Wen et al., 2009; Sharafi et al., 2012). One major 80 
limitation of the incubation method is that it requires up to seven days obtain results, which 81 
may not be practical for situations that demand rapid risk assessment (Boehm et al., 2009). 82 
The stain-based method is relatively rapid compared to the incubation method however, both 83 
methods requires highly skilled personnel to accurately distinguish between ova/larvae of 84 
different helminths. Due to the similarities in morphological characters of ova/larvae of A. 85 
duodenale and A. caninum, N. americanus, it is difficult to differentiate them into species 86 
(Cabaret et al., 2002; Verweij et al., 2007; Traub et al., 2008). In addition, the detection limit 87 
of both methods depends on the trained staff and detection sensitivity of a microscope that 88 
may not be sensitive enough (5% sensitivity) to detect low numbers of ova in a sample 89 
(Weber et al., 1991).  90 
Specific detection of hookworm ova/larvae is essential to determine the accurate health 91 
risk associate with the use and reuse of wastewater as well as formulate an effective control 92 
measures. Developments in real-time polymerase chain reaction (PCR) assays enable rapid, 93 
sensitive and specific detection of various microbial pathogens in faecal samples (Verweij et 94 
al., 2007; ten Hove et al., 2009; Taniuchi, et al., 2011; Ahmed et al., 2015). PCR methods can 95 
detect pathogens in a one-step closed-tube reaction with much higher sensitivity and 96 
specificity by directly amplifying a specific gene from a target microorganism within 2-4 h 97 
(Botes et al., 2013; Schar et al., 2013), thus overcoming the limitations of the incubation and 98 
stain methods. However, there are a number of limitations that constrain the routine use of 99 
PCR based assays for the detection of hookworm ova in wastewater matrices. The two major 100 
limitations are concentration of hookworm ova from wastewater matrices and the potential 101 
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presence of PCR inhibitors (organic and inorganic compounds) in the DNA samples that 102 
known to inhibit PCR reactions (Toze, 1999; Shannon et al,. 2007). Generally hookworm ova 103 
are concentrated by sedimentation in conjunction with floatation and filtration depending on 104 
the turbidity of a sample (US EPA, 2003; Dryden et al., 2005; Goodman et al., 2007; 105 
Koompapong et al., 2009; Elom et al., 2012;). Sample processing time using these 106 
concentration methods can be lengthy. There is need for a rapid and simple method for the 107 
concentration of helminths ova from complex wastewater matrices that can be combined with 108 
PCR assay (Karkashan et al., 2014).  109 
The main objective of this study was to investigate whether PCR method can be used for 110 
the rapid, sensitive and specific detection of hookworm ova in wastewater matrices. Canine 111 
hookworm (Ancylostoma caninum) was chosen as a representative hookworm to develop a 112 
PCR method for the detection of hookworm ova in wastewater matrices.   113 
2. Methods 114 
2.1. Rationale of using A. caninum as a representative hookworm 115 
Human hookworm infection is less common in Australia and therefore, it was difficult to 116 
obtain large numbers of ova that were needed for the spiking experiment (see below). 117 
Therefore, A. caninum was chosen as a representative hookworm because of their high 118 
prevalence in dog feces in Australia. In addition, A. caninum ova have high morphological 119 
similarities with other hookworms of interests such as A. duodenale and deemed to be a 120 
suitable representative.   121 
2.2. Real-time PCR positive control 122 
A. caninum larvae were kindly donated by Associate Professor Dr. Rebecca Traub from the 123 
University of Melbourne, Melbourne, Australia for the development of the real-time PCR 124 
assay. DNA was extracted from the larvae using DNeasy Blood and Tissue® Kit (Qiagen, 125 
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Valencia, CA) according to the manufacturer’s instructions. DNA was eluted in 100 µL AE 126 
buffer and stored at -80oC freezer until further used.  127 
2.3. Primer and probe design  128 
Nucleotide sequences of the 5.8S rDNA of internal transcribe spacer (ITS) -1 region of A. 129 
caninum (NCBI accession no KC 755029.1) and A. duodenale (Accession no EU 344797.1) 130 
were obtained from GenBank. To identify the variation between the genes, the sequences 131 
were analysed using the NCBI Align Sequences Nucleotide Tool. A new set of forward 132 
primer DHF (5´-TTT GCT AAC GTG CAC TGA ATG-3´), reverse primer DHR (5´-GAA 133 
ACA CCG TTG TCA TAC TAG CC-3´) and probe DHP (FAM-5´-AA  TCG TTG TTG 134 
CTG CTG AA-BHQ1-3´) were designed and used to amplify a 101 base pair (bp) of the 5.8S 135 
rDNA gene of ITS-1 at 626-716 region of A. caninum.  136 
2.4. Real-time PCR optimization and conditions  137 
Genomic DNA from A. caninum larvae was used for the optimization of the real-time PCR 138 
assay. To ensure optimal performance of the PCR, primer concentrations ranging from 100 139 
nM-400 nM and probe concentrations ranging from 300 nM-800 nM were titrated. The 140 
annealing temperature was optimized by performing a gradient analysis ranging from 55- 141 
61⁰C. The optimized real-time PCR amplifications were then performed in 25 µL reaction 142 
mixtures containing 12.5 µL iQTM Supermix (Bio-Rad Laboratories, Calif), 250 nM of each 143 
primer, 400 nM of probe, 3 µL of template DNA and UltraPureTM DNase/RNase-free 144 
distilled water (Life Technologies, Australia). PCR cycling parameters were as follow: 95°C 145 
for 15 min, 95°C for 15 s, 59°C for 1 min. For each PCR assay, a positive (A. caninum DNA) 146 
and negative (UltraPureTM water) controls were included.  147 
2.5. Real-time PCR lower limit of detection (LLOD) 148 
The PCR LLOD was determined using the stored genomic DNA extracted earlier from the A. 149 
caninum larvae. The DNA was quantified using a NanoDrop spectrophotometer (ND-1000, 150 
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NanoDrop Technology). Ten-fold serial dilutions (10-1 to 10-5) of 5 ng of DNA were prepared 151 
in replicates (n = 6) and tested with PCR. The lowest quantity of DNA detected consistently 152 
in all replicate reactions was considered as the PCR LLOD.  153 
2.6. Obtaining and enumerating the A. caninum ova  154 
The A. caninum ova used in this study were collected from dog fecal samples that tested 155 
positive with microscopic examination at the School of Veterinary Science in University of 156 
Queensland, Gatton, Australia.  A. caninum ova were isolated from approximately 20 gm of 157 
dog fecal samples using the floatation method (Bowman et al., 2003). After isolation, ova 158 
were preserved in 0.5% formalin and the numbers of were determined by microscopic 159 
observations (10x × 40x) using Sedgewick-Rafter Counting Chamber (Pyser-SgiTM) and 160 
enumerated in each grid in triplicates. The enumerated ova were stored at 4oC and used for 161 
spiking experiments. 162 
2.7. Sample limit of detection (SLOD)  163 
To determine the SLOD, secondary treated wastewater, raw wastewater and sludge samples 164 
were collected from two wastewater treatment plants (WWTPs) “A” (27o33’14.81”S; 165 
152o59’29.26” E) and “B” (27o22’52.71”S; 153o08’52.33”E)] located in Brisbane, Qld, 166 
Australia.  Fifteen litres of secondary treated wastewater and raw wastewater were collected 167 
from each WWTP in sterile 20 L polypropylene carboys. Secondary treated wastewater was 168 
collected before chlorination whereas raw wastewater sample was collected from the primary 169 
influent.  Dewater sludge samples were also collected from the belt process from each 170 
WWTP in 500 mL sterile polyethylene Zip LockTM bags. All samples were transported on ice 171 
to the Commonwealth Scientific and Industrial Research Organisation (CSIRO), Land and 172 
Water laboratory, Dutton Park, Queensland. Approximately 4.0 × 103 of A. caninum ova were 173 
added to 1 L tap water (control), secondary treated wastewater and raw wastewater samples. 174 
Ten-fold serial dilutions (10-1 to 10-4) were made for each sample. For the sludge experiment, 175 
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10-fold serial dilutions (10-1 to 10-4) of 4.0 × 103 ova were made and added to approximately 176 
4 gm of samples. All samples were processed in triplicate according to the concentration 177 
method described in section 2.8.  A method blank of unspiked sample was included for each 178 
batch of tap water, secondary treated and raw wastewater samples to check for cross 179 
contamination during sample processing. Before adding the ova, the tap water, secondary 180 
treated wastewater, raw wastewater and sludge samples were screened for the presence of A. 181 
caninum rDNA gene by using the newly developed PCR method to obtain information on any 182 
background levels if any. 183 
2.8. Sample concentration and DNA extraction 184 
Tap water and secondary treated wastewater samples were filtered through 8 µm, 90 mm 185 
polycarbonate filters (Merck Millipore, Billerica, Massachusetts, USA) using glass funnels 186 
attached to a vacuum pump.  The ova trapped were washed from the filters into a 50 mL 187 
polypropylene tube with 25mL phosphate buffer saline (PBS).  The ova were pelleted from 188 
the PBS suspension by centrifuging at 800 g for 15 min. First, attempts to process raw 189 
wastewater samples (1L) with membrane filtration method failed due to rapid clogging of the 190 
filters by materials suspended in the wastewater. Subsequently, a centrifugation and flotation 191 
approach was used to concentrate the ova from raw wastewater samples.  Raw wastewater 192 
samples (1 L) were transferred into 700 mL centrifuge containers (Beckman Coulter Inc), and 193 
centrifuged at 5,200 g for 30 min. The resulting supernatant was removed and pellet was 194 
resuspended in 20 mL MilliQ water and transferred to a 50 mL polypropylene centrifuge 195 
tube, and centrifuged for 10 min to obtain a pellet.  Ova were then separated from the pellet 196 
with the MgSO4 (specific gravity 1.2) floatation method outlined previously by Bowman et 197 
al. (2003). In brief, the pellet was suspended in 45 mL of MgSO4 solution by vortexing in a 198 
centrifuge tube.  The suspension was then centrifuged at 800 g for 3 min and the supernatant 199 
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was transferred into a 15 mL polypropylene tube, and further centrifuged at 800 g for 10 min 200 
to obtain a pellet.   201 
A similar approach was also followed for the sludge. In brief, sludge samples (5 gm wet 202 
weight) were placed into a 50 mL polypropylene and 45 mL of MgSO4 solution was added.  203 
The tube was then centrifuged at 800 g for 3 min and the supernatant was transferred into a 204 
15 mL polypropylene tube, and further centrifuged at 800 g for 10 min to obtain a pellet.  205 
DNA from the concentrated hookworm ova in tap water and secondary treated wastewater 206 
(WWTP-A) was extracted using DNeasy Blood and Tissue Kit (Qiagen) with slight 207 
modification. In brief, pellets from the centrifugation step were by mixed with 180 µL of 208 
lysis buffer ATL followed by five freeze-thaw cycles of 10 min each at -80ºC and 95ºC.  Due 209 
to the presence of high suspended solid contents and observed PCR inhibition in the 210 
secondary treated wastewater from WWTP-A, MO Bio Power Soil DNA Kit (Mo Bio, 211 
Carlsbad, CA) was used to extract DNA for all further samples from WWTP-A and WWTP-212 
B. In this case, pellets from the centrifugation step were by mixed with 60 µL of lysis buffer 213 
C1 followed by five freeze-thaw cycles of 10 min each. A reagent blank was also included 214 
during DNA extraction.    215 
2.9. Application of the novel real-time PCR method  216 
To determine the application of the method, tap water, secondary treated wastewater, raw 217 
wastewater and sludge samples were also collected from two different WWTPs in different 218 
time intervals. Sample concentration and DNA extraction were conducted as described above 219 
but without spiking the canine hookworm ova. 220 
2.10. PCR inhibition test 221 
A sketa22 real-time PCR assay with previously published primers and probe was used to 222 
determine the presence of inhibitors in the DNA samples extracted from tap water, secondary 223 
treated wastewater, raw wastewater and sludge samples (Haugland et al., 2005). All DNA 224 
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samples were spiked with 10 pg of O. keta DNA (Ahmed et al., 2015). The threshold cycle 225 
(CT) values of the O. keta contaminated DNA samples were compared to equivalent 226 
quantities of O. keta DNA suspended in UltraPureTM water (Life Technologies). Where 227 
inhibition was detected, the DNA extracts were diluted 10 fold and retested. The sketa22 228 
PCR assay was performed in 25 µL reaction mixtures using iQTM Supermix (Bio-Raid 229 
Laboratories). The sketa22 PCR assay mixture contained 12.5 µL of Supermix, 300 nM of 230 
each primer, 400 nM of probe, 10 pg of O. keta DNA and 3 µL of template DNA sample. 231 
2.11. Statistical analysis  232 
GraphPad Prism 6 (GraphPad Software) was used to conduct the statistical analysis. A one-233 
way ANOVA was performed to determine the differences between the CT values obtained for 234 
O. keta DNA suspended in UltraPureTM water and O. keta contaminated DNA samples 235 
extracted from tap water and wastewater matrices samples. ANOVA was also used to 236 
determine whether the CT values obtained for spiked and non spiked secondary treated 237 
wastewater, raw wastewater and sludge samples varied significantly within and between 238 
WWTPs as well as tap water samples.  239 
   3. Results 240 
3.1. Real-time PCR optimisation and lower limit of detection (LLOD) 241 
The specificity of the newly designed primers was checked using NCBI Megablast. The 242 
results of the BLAST search showed that the sequences of selected primers matched with the 243 
5.8s rDNA of ITS-1 region of A. caninum. Among the series of primer and probe 244 
concentrations tested, 250 nM of each primer and 400 nM of probe provided the earliest CT 245 
value (22.2 ± 0.07) at the annealing temperature of 59⁰C. The LLOD of the real-time PCR 246 
assay was performed using genomic DNA from A. caninum larvae. The PCR assay was able 247 
to detect A. caninum DNA up to dilution 10-4 (equivalent to 500 fg) (Table 1).  248 
3.2. PCR inhibitors 249 
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The mean CT value and standard deviation for the O. keta spiked UltraPureTM water was 27.8 250 
± 0.36. The mean CT values and standard deviations values for O. keta spiked tap water, 251 
secondary treated wastewater, raw wastewater and sludge DNA samples were similar to O. 252 
keta spiked UltraPureTM water (Table 2). The secondary treated wastewater DNA samples 253 
from WWTP-A and sludge DNA samples from both WWTPs did not amplify O. Keta DNA, 254 
indicating the presence of PCR inhibitors. These DNA samples were serially diluted to 255 
reduce any PCR inhibitors and re-analysed. The mean CT values and standard deviations 256 
value for O. keta spiked diluted (10 fold) secondary treated wastewater and sludge samples 257 
were 27.9 ± 0.21 and 28.5 ± 0.54 (WWTP-A) and 28.1 ± 0.11 (WWTP-B), respectively. An 258 
ANOVA analysis on the CT values obtained for O. keta spiked UltraPureTM water and all the 259 
undiluted DNA samples that were free of PCR inhibitors as well as the 10 fold diluted 260 
samples showed that there was no significant (P > 0.05) difference suggesting the absence of 261 
PCR inhibitors. Based on these results, all the samples without PCR inhibition (undiluted and 262 
10-fold diluted samples) were used for the PCR assays.   263 
 3.3. Sample limit of detection (SLOD) of A. caninum ova spiked wastewater and sludge 264 
samples  265 
The real-time PCR method indicated that, the background wastewater samples used for 266 
seeding experiments were free from A. caninum rDNA. The method was able to detect A. 267 
caninum ova at a dilution of 10-4 (< 1 ova) for ova spiked tap water samples (Table 3). 268 
Similar results were also obtained for ova spiked secondary treated wastewater from both 269 
WWTPs.  The SLOD of A. caninum ova for the ova spiked raw wastewater and sludge 270 
samples from both WWTPs was at dilution of 10-3 (4 ova) indicating lower detection of A. 271 
caninum ova in these matrices compared to secondary treated wastewater.  272 
The range of mean CT values obtained for the A. caninum ova spiked into tap water 273 
samples was < secondary treated wastewater < raw wastewater < sludge samples from both 274 
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WWTPs (Figure 1a and b). The CT value of tap water samples were significantly (P < 0.05) 275 
different than from secondary treated wastewater from WWTP-A and raw wastewater and 276 
sludge samples from both WWTPs. Significant differences were also observed for the 277 
secondary treated wastewater with raw wastewater and sludge samples for both WWTPs. 278 
However, the CT values of raw wastewater and sludge did not differ significantly (P > 0.05) 279 
from each other for both WWTPs. The CT values of the secondary treated wastewater, raw 280 
wastewater and sludge samples (for WWTP-A) came later than those obtained for WWTP-B. 281 
However, the differences were not statistically significant (P > 0.05).  282 
3.4. Application of the real-time PCR method to detect A. caninum ova in unspiked 283 
samples 284 
Among the tap water (n = 3), secondary treated wastewater (n = 12), raw wastewater (n = 18) 285 
and sludge (n = 6) samples tested, A. caninum DNA were detected in secondary treated 286 
wastewater (50%), raw wastewater (38%) and sludge (33.3%) samples (Figure 2). The 287 
secondary treated wastewater had the higher CT values (CT = 36.9 ± 0.80) followed by raw 288 
wastewater (CT = 35.6 ± 2.43) and sludge samples (CT = 34.9 ± 2.43).    289 
4. Discussion  290 
The application of PCR-based methods has generated interest for the direct monitoring of 291 
parasites in fecal samples (Verweij et al., 2007; Yong et al., 2007; Traub et al., 2008; Ngui et 292 
al., 2012; Schar et al., 2013). PCR methods are rapid and can be used to detect specific 293 
parasites of interest with high sensitivity. Detection of helminths ova from wastewater 294 
matrices however, require isolation and concentration of the ova, which is often challenging 295 
due to the presence of high suspend solids and PCR inhibitors. In this study, a probe based 296 
real-time PCR method was developed for the rapid, sensitive and specific detection of canine 297 
hookworm (A. caninum) ova from wastewater matrices. 298 
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The sensitivity of the real-time PCR assay was thoroughly tested by amplifying known 299 
concentration of genomic DNA obtained from A. caninum larvae. The PCR LLOD of the 300 
newly developed assay was determined to be 500 fg of genomic DNA for all replicate 301 
samples which is similar or one order of magnitude lower than the LLOD values reported in 302 
previous studies (Thaenkham et al., 2007; Traub et al., 2009; Rahman et al., 2011; Taniuchi 303 
et al., 2011; Ngui et al., 2012).  304 
We also determined for the effects of PCR inhibitors on the detection of A. caninum ova in 305 
all wastewater matrices. Our results indicated that DNA samples from the secondary treated 306 
wastewater (from WWTP-A) had PCR inhibitors. DNeasy Blood and Tissue Kit was used to 307 
extract DNA from these samples, and it is possible that the kit was unable to remove the 308 
inhibitors effectively. In view of this, MO Bio Power Soil DNA Kit was used for DNA 309 
isolation from the remaining wastewater and sludge samples. The main advantage of the MO 310 
Bio Power Soil DNA Kit over the DNeasy Blood and Tissue Kit is the ability to remove 311 
humic substances and other inhibitors. This is supported by the fact that secondary treated 312 
wastewater DNA samples from WWTP-B and raw wastewater samples from both WWTPs 313 
had no PCR inhibitors. However, sludge DNA samples from both WWTPs indicated the 314 
presence of PCR inhibitors despite the use of MO Bio Power Soil DNA Kit. This could be 315 
due to the fact that the concentrations of PCR inhibitors in sludge samples could be higher 316 
than raw wastewater samples (Schrader et al., 2012).  317 
Ten-fold serial dilution of DNA is commonly applied strategy in environmental, clinical, 318 
food samples to overcome PCR inhibition (Drosten et al., 2002; Audemard et al., 2004; Van 319 
Doorn et al., 2009). Our results indicated that a 10 fold-dilution of samples with PCR 320 
inhibition was adequate to relieve the inhibitors. Based on our data, we recommend that DNA 321 
samples extracted from large volumes of wastewater matrices or complex environmental 322 
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samples should be checked for the presence of PCR inhibitors prior to use for PCR 323 
amplification.  324 
The PCR method used in this study was capable of detecting A. caninum ova in a range of 325 
<1 to 4 across all wastewater matrices from both WWTPs. These results were consistent for 326 
all dilutions across the both WWTPs. The earlier CT values for the secondary treated 327 
wastewater indicated the better recovery of ova from treated wastewater than raw wastewater 328 
and sludge samples. This could be attributed to low suspended solid content of secondary 329 
treated wastewater making it possible to pass through the membrane using the membrane 330 
filtration method. It has been reported that ova were better retained on the membranes during 331 
filtering of water samples compare to a potential loss of ova during floatation (Nieminski et 332 
al., 1995; Ferguson et al., 2004). Because of the high solid contents and turbidity, membrane 333 
filtration method was not suitable for processing raw wastewater and sludge samples. In view 334 
of this, we chose to use the flotation technique to concentrate ova from raw wastewater and 335 
sludge samples. Another important point to consider is that the flotation technique involves 336 
multiple steps of centrifugation, flotation and concentrations with potential loss of ova in 337 
each step compared to the membrane filtration method, which involves a single step for 338 
recovering the ova directly from the filters. 339 
A significant challenge still remains to develop a rapid and effective ova recovery method 340 
for helminths from raw wastewater and sludge. This requires further research to develop and 341 
validate new rapid concentration method. For instance, hollow-fibre ultrafiltration method 342 
has been shown to recover up to 83% Giardia and Cryptosporidium oocysts from 343 
environmental waters (Kuhn and Oshima, 2002; Hill et al., 2009). It is therefore, 344 
recommended that concentration methods such as hollow-fibre ultrafiltration needs to be 345 
compared with membrane filtration and flotation methods in terms of method recovery 346 
efficiency.  347 
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Our newly developed real-time PCR method was validated by testing of tap water, 348 
secondary treated wastewater, raw wastewater and sludge samples from two different 349 
WWTPs. The method was able to detect low levels of A. caninum DNA from all three 350 
matrices. The earlier CT values (Figure 2) obtained for the sludge and raw wastewater 351 
samples than secondary treated wastewater suggests the presence of relatively more DNA in 352 
the sludge and raw wastewater samples despite the potential poor recovery of the floatation 353 
method. This indicates that the method developed for the detection of hookworm ova from 354 
the wastewater matrices could also be adapted to detect other pathogenic helminth ova such 355 
as A. duodenale, N. americanus, Ascaris lumbricoides from wastewater matrices and other 356 
environmental samples.  357 
As with other methods, a major limitation of our method is its inability to distinguish 358 
between viable and nonviable A. caninum ova from wastewater matrices. It can therefore, not 359 
be ruled out that our method may have detected DNA from nonviable A. caninum ova in the 360 
unspiked wastewater matrices. The application of EMA/PMA should be investigated to 361 
discriminate nonviable ova from wastewater matrices, as it has been reported that the 362 
EMA/PMA combined with PCR method can eliminate potentially non-viable DNA during 363 
PCR amplification (Nocker, et al., 2006; Nocker, et al., 2007; Pan and Bredit, 2007; Loozen 364 
et al. 2011). Currently, we are developing a PMA-PCR method for the detection of viable 365 
hookworm ova in wastewater matrices.  366 
5. Conclusions 367 
• We developed and validated a specific and sensitive real-time PCR method that can 368 
detect A. caninum ova in wastewater matrices. This method is rapid and can produce 369 
result with 6-8 h compared to incubation and stain methods that could take up to 2 370 
weeks and lack specificity in distinguishing ova/larvae to the species level.  371 
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• For ova spiked secondary treated wastewater, the SLOD of the method was < 1 ova 372 
while this value for the ova spiked raw wastewater and sludge samples were 4 ova 373 
indicating the high sensitivity of the method.   374 
• The method can also be adopted to detect other pathogenic helminth ova such as A. 375 
duodenale, N. americanus and A. lumbricoides from wastewater matrices.  376 
• Further studies would be required to discriminate non-viable ova hookworm ova from 377 
the wastewater matrices and environmental samples.   378 
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Table 1: Real-time PCR lower limit of detection (LLOD) of serially diluted A. caninum 598 
genomic DNA (n = 6) 599 
DNA 
dilutions  
Positive samples 
(%) 
Mean ± SD  of CT 
values  
10-1 100 25.6 ± 0.04 
10-2 100 29.1 ± 0.04 
10-3 100 32.4 ± 0.09 
10-4 100 36.6 ± 0.10 
10-5 0 ND 
CT: Threshold cycle 600 
ND: Real-time PCR not detected 601 
SD: Standard deviation 602 
 603 
 604 
 605 
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 607 
 608 
 609 
 610 
 611 
 612 
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 618 
 619 
 620 
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 624 
 625 
 626 
Table 2: Sketa22 PCR assay for the evaluation of PCR inhibition in A. caninum ova spiked 627 
tap water (n = 12), secondary treated wastewater (n = 12), raw wastewater (n = 12) and 628 
sludge (n = 12) DNA samples as opposed to salmon testes DNA (n = 10 pg) spiked 629 
UltraPureTM DNase/RNase-free distilled water samples 630 
Wastewater 
treatment 
plants 
Sample types Mean ± SD of CT values 
Undiluted DNA Diluted DNA (10-1) 
WWTP-A Secondary treated 
wastewatera 
NPA 27.9 ± 0.21 
 Raw Wastewaterb 27.7 ± 0.45 N/A 
 Sludgeb NPA 28.5 ± 0.54 
WWTP-B Secondary treated 
wastewaterb 
27.5 ± 0.30 N/A 
 Raw Wastewaterb 27.5 ± 0.23 N/A 
 Sludgeb NPA 28.1 ± 0.11 
 Tap watera 28.5 ± 0.12 N/A 
 UltraPureTM DNase/RNase-
free distilled water 
27.8 ± 0.36 
 
N/A 
 
a :DNeasy Blood and Tissue Kit 631 
b:MO Bio Power Soil DNA Kit  632 
NPA: No PCR amplification 633 
N/A: Not applicable 634 
CT: Threshold cycle 635 
SD: Standard deviation 636 
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 642 
 643 
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 645 
 646 
 647 
 648 
 649 
 650 
 651 
 652 
Table 3: Method limit of detection (MLOD) of real-time PCR assay for detection of A. 653 
caninum ova in spiked tap water (n = 3), secondary treated wastewater (n = 3), raw 654 
wastewater (n = 3) and sludge (n = 3) samples 655 
 656 
Source of 
samples 
Wastewater 
matrices 
Triplicate PCR results at the dilutions tested 
10-1 (400 
ova) 
10-2 (40 
ova) 
10-3 (4 ova) 10-4 (< 1 
ova) 
CSIRO Lab Tap water   +  + + + 
WWTP-A Secondary treated 
wastewater 
 +  + + + 
Raw wastewater  +  + + - 
Sludge  +  + + - 
WWTP-B 
 
 
 
Secondary treated 
wastewater 
 +  + + + 
Raw wastewater  +  + + - 
Sludge  +  + + - 
+: Real-time positive results 657 
-: Real-time negative results 658 
 659 
 660 
 661 
 662 
 663 
 664 
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 665 
 666 
 667 
Figure 1: Mean and standard deviation of CT value of serially diluted A. caninum ova spiked 668 
DNA into secondary treated wastewater, raw wastewater and sludge samples from 669 
wastewater treatment plants A (a) and B (b) compared to tap water.  670 
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 671 
 672 
 673 
 674 
Figure 2: Prevalence of A. caninum in unspiked tap water (n = 3), secondary treated 675 
wastewater (n = 12), raw wastewater (n = 18) and sludge (n = 6) samples collected from 676 
different wastewater treatment plants (WWTPs). 677 
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Highlights:  
• Rapid and sensitive detection of hookworm ova from wastewater is paramount. 
• We developed a novel PCR method for the detection of hookworm ova in wastewater. 
• The sensitivity of the newly developed PCR method is one to four ovum in wastewater.  
• The method can be used to detect ova of various helminths in wastewater matrices.  
 
